The Th2 cytokines IL-4 and IL-13 are thought to play critical roles in the airway inflammation and hyperresposiveness that characterize asthma. Recent evidence indicates that IL-13 can mediate these effects by acting directly on airway epithelial cells. Here we evaluated early (STAT6 phosphorylation) and delayed (GM-CSF and TGF-β2 secretion) responses of airway epithelial cells to IL-4 and IL-13 stimulation, and the dependence of these responses on the culture technique employed. As expected normal human bronchial epithelial cells grown on microporous inserts at an air-liquid interface (ALI) expressed a well-differentiated mucociliary phenotype; in contrast cells grown on plastic in submerged cultures were poorly differentiated. When stimulated with IL-4 or IL-13, the magnitude and duration of STAT6 phosphorylation under the differing culture conditions were statistically indistinguishable. In contrast, cytokine secretion responses to IL-4 and IL-13 were highly dependent on the culture technique; cells cultured on plastic exhibited significant concentration-dependent increases in GM-CSF and TGF-β2 secretion, while cells grown at ALI showed no statistically significant response. These results demonstrate that the coupling between early signal transduction responses to IL-4 and IL-13 and downstream functions such as cytokine secretion may be critically dependent on the cell culture technique employed, and the resulting differentiation status of bronchial epithelial cells.
INTRODUCTION
The Th2 cytokines IL-4 and IL-13 have been shown to play critical roles in allergic inflammation and the development of airway hyperresponsiveness (AHR) (32) .
While both cytokines play key roles in T-cell phenotypic commitment and immunogloblin E production (32, 34) , recent evidence demonstrates that IL-13 can mediate the development of AHR by direct action on airway epithelial cells (13) . These results underscore the need to understand the gene and protein responses evoked in the airway epithelium by IL-4 and especially IL-13.
In vivo the airway epithelium is composed of a mixed population of ciliated, non-ciliated, and mucous secreting cells (10) . Studies using bronchial epithelial cell cultures differentiated to induce a mucociliary phenotype have shown that IL-4 and IL-13 stimulation modulate basic cell functions such as proliferation (3) , ciliary beating, and mucous production (2, 14, 25) . In contrast, our growing understanding of the ability of Th2 cytokines to stimulate gene expression (15) and production of soluble factors (4, 17, 20, 24, 31 ) is derived primarily from study of submerged cultures of airway epithelial cells grown on plastic, conditions that result in a poorly differentiated, proliferating cell population. Among the soluble factors evoked by IL-4/13 stimulation under these conditions, of particular interest are granulocyte/macrophage colony-stimulating factor (GM-CSF) and transforming growth factor (TGF)-β2 (17, 20, 24, 31) . These factors are of special interest because of their purported role in the biology of asthma (22, 27) and AHR (11, 30) .
We investigated STAT6 phosphorylation and secretion of GM-CSF and TGF-β2 in Differentiation-dependent Th2-cytokine response Differentiation-dependent Th2-cytokine response 4 
MATERIAL AND METHODS

Cell culture.
Normal human bronchial epithelial (NHBE) cells were purchased from Clonetics-BioWhittaker (San Diego, CA) and grown on tissue culture treated flasks (5% CO 2 , 37°C) in bronchial epithelial growth medium (BEGM; Clonetics), a defined medium provided by Clonetics. We further supplemented this medium with bovine serum albumin (BSA, 1.5 µg/ml) and retinoic acid (50 nM) following the method of Gray and colleagues (6) . Clonetics) supplemented with only insulin (5 µg/ml), transferrin (5 µg/ml), penicillin (100 units/ml), and streptomycin (100 µg/ml).
Cells plated on microporous inserts were fed with a 1:1 mixture of BEGM and Dulbecco's modified Eagle medium (DMEM; Life Technologies, Frederick, MD) with the same final concentration of media additives as used for plastic wells. Medium was applied both apically and basally until cells reached confluence, and then basally after an air-liquid interface was established at approximately day 7. The cells were maintained until a differentiated cell population with prominent mucus-secretion and early cilia development Differentiation-dependent Th2-cytokine response 5 was present (day 10-14, see Fig. 1 ). Approximately 16 hours before each experiment the culture medium was changed to a minimal medium containing a 1:1 mixture of BEBM and DMEM supplemented with only insulin (5 µg/ml), transferrin (5 µg/ml), penicillin (100 units/ml), and streptomycin (100 µg/ml). Therefore, all media supplements were identical in the two culture conditions, with the only difference being the use of 50% DMEM in the base medium for cells cultured on microporous inserts. In some experiments designed to demonstrate the role of the base medium, the medium used during cytokine stimulation was reversed (BEBM on microporous inserts, BEBM: DMEM 1:1 on plastic wells). In experiments designed to define the role of the culture surface, cells were grown on microporous inserts to subconfluence and stimulated under submerged culture conditions using medium identical to that used for plastic well experiments. Cells from two different donors were used throughout these experiments.
Immunocytochemistry for cell differentiation markers.
Differentiation status of NHBE cells in the two different culture conditions was confirmed by immunofluorescent analysis. NHBE cells cultured on plastic well or at ALI were fixed in 3% paraformaldehyde for 5 minutes and then treated with 1% Triton X-100 in 
Stimulation of NHBE cells with IL-4 or IL-13.
After 16 hours in the appropriate minimal medium, fresh minimal medium alone or with various concentrations (0.1-100 ng/ml) of recombinant human IL-4 (R&D Systems Inc., Minneapolis, MN) or IL-13 (R&D Systems Inc.) was added to the cells and incubated up to 48 hours at 37°C in an atmosphere, 5% CO 2 . Cytokines were applied apically to the cells grown in plastic wells, and to the basal medium of cells grown at ALI on microporous inserts.
In a subset of experiments the IL-13 stimulus was applied to the apical surface of ALI cultures. In the experiments using submerged cultures on microporous inserts, IL-13 was applied in both the apical and basal medium.
Western Blotting.
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Measurement of GM-CSF and TGF-β2.
Differentiation-dependent Th2-cytokine response 8 After stimulation with IL-4 or IL-13 as described above, the apical medium from plastic wells and the basal medium from ALI wells was removed and reserved at -80°C for later analysis. Release of GM-CSF and TGF-β2 into medium was measured using commercially available enzyme-linked immunosorbent assay (ELISA) kits according to the manufacturer's instructions (Quantikine; R&D Systems Inc.). Just before the ELISA for TGF-β2, all samples were activated using 1 N HCl, then neutralized using 1.2N NaOH in 0.5 M HEPES, to activate latent TGF-β2 to the immunoreactive form. In these assays, the minimum detectable concentrations of human GM-CSF and TGF-β2 are 3 pg/ml and 7 pg/ml, respectively. In some experiments cells were detached from microporous inserts or plastic wells by incubation with 0.5 mg/ml of trypsin-EDTA (GIBCO, Grand Island, NY) at 37°C for 5-10 minutes, and then neutralized by equal volume of trypsin neutralizing solution (Clonetics). Cells were counted, and the results of cytokine production were then normalized by the cell number per well, and were expressed as pg/10 5 cells.
Quantitative Real-Time PCR.
Total RNA was purified from NHBE cell lysates after exposure to IL-13 (10ng/ml) or control medium for 48 hrs (RNeasy, Qiagen, Valencia, CA). Equal amounts of RNA were reverse-transcribed to cDNA using Ready-to-Go RT-PCR beads (Amersham, Piscataway, NJ, USA). Real time PCR reactions were performed using SYBR Green Master Mix (Biorad, Hercules, California, USA) in an iCycler PCR System (Biorad, Hercules, California, USA).
Fold change in transcript levels were calculated relative to control treatment using the delta delta Ct method. The expression of housekeeping gene GAPDH was used as the reference Differentiation-dependent Th2-cytokine response (Table 1) .
To normalize the production of soluble factors in each culture condition, total cell numbers were recorded for each (Table 1 ) and soluble proteins expressed per 10 5 cells. Cell density in ALI wells was much greater than on plastic, but neither IL-4 nor IL-13 produced a statistically significant change in cell number per well in either culture condition after stimulation for 48 hours. Normalization of GM-CSF and TGF-β2 production per cell amplified the differences in baseline (unstimulated) production of each factor ( Figure 3A ).
When compared to baseline production, the differences in culture technique dependent responsiveness to IL-4/13 were easily differentiated ( Figure 3B ).
The culture condition dependent IL-13 effects on protein secretion were paralleled by changes in mRNA levels. Transcripts for GM-CSF and TGF-β2 were elevated by IL-13 treatment in plastic wells relative to control in two independent experiments (Range: 2.1-3. For both culture techniques, the baseline TGF-β2 production and effect of IL-13 were Differentiation-dependent Th2-cytokine response 13 independent of base media ( Figure 4A ).
To confirm that the differences in responsiveness of NHBE cells between plastic and ALI culture were not dependent on the cell donor, cells from a second donor (donor 2)
were stimulated by IL-13 (10 ng/ml) for 48 hours. Baseline and IL-13-induced production of GM-CSF and TGF-β2 were nearly identical in the cells from the two donors, and the culture technique-dependent responsiveness was maintained across donor ( Figure 4B ). induced GM-CSF and TGF-β2 production most similar to mature ALI wells. While TGF-β2 production from earlyALI cells was statistically increased by IL-13 stimulation, the effect was muted and the baseline production closely matched that in mature mucociliary epithelium ( Figure 5 ). Baseline GM-CSF secretion in the earlyALI cells was suppressed compared to plastic wells, and IL-13 had no effect on GM-CSF secretion, a response identical to that in cells cultured for 10-14 days at ALI (lateALI) to express the mature mucociliary phenotype.
Relative importance of substrate and duration in ALI.
Given the early loss of IL-13 responsiveness after initiation of ALI, we also examined the response of sub-confluent NHBE cells grown in conditions identical to those Differentiation-dependent Th2-cytokine response 14 for plastic wells, with the exceptions that the medium and IL-13 stimulation were applied to both the apical and basal surface, and the substrate was the porous polyethylene used for the ALI studies. As in the case of the earlyALI wells, cells grown submerged on the microporous transwell inserts (preALI) exhibited a muted response to IL-13 stimulation that while statistically significant, was markedly reduced in comparison to cells grown on plastic wells (Fig. 5) .
Differentiation-dependent Th2-cytokine response Furthermore, we showed that IL-4/13-induced secretion of TGF-β2 and GM-CSF (12, 33) was completely suppressed upon mucociliary differentiation, demonstrating for the first time that NHBE responses to Th2 cytokine stimulation depend critically on the culture technique employed, and the resulting differentiation status of the cells.
To more closely examine the effect of substrate, polarity and differentiation, we In conclusion, the present study demonstrates that previously identified responses to IL-4/13 stimulation in NHBE cells can be uncoupled from this stimulus depending on the culture technique employed, and that this decoupling process begins rapidly after the Differentiation-dependent Th2-cytokine response 
